Non-invasive coronary artery imaging has taken a significant step forward with the advent of multislice computed tomography on-invasive coronary imaging has recently seen a rapid expansion of interest, fuelled largely by technical advances in both computed tomography (CT) and cardiac magnetic resonance imaging (CMR). The race is on for these two modalities to provide routine and robust imaging of coronary arteries in clinical practice.
The rate of this progress has inevitably provided a bewildering array of developments, which are hard to stay abreast of. This article will attempt to clarify the fundamental differences between the available techniques, explore their respective capabilities, and discuss future potentials.
ELECTRON BEAM COMPUTED TOMOGRAPHY (EBCT)
EBCT has been the CT method of choice for imaging the heart for the last 10 years or more. Unlike conventional CT, which uses a rotating x ray tube, EBCT uses a static row of detectors and a moving beam of electrons to produce the x ray photons. The advantage of this is a rapid image acquisition time of 50-100 ms per slice. When combined with ECG triggering this allows imaging of a motion free heart during diastole (usually 80% of the RR interval). 1 This technique has been used to quantify coronary calcium burden and more recently to perform contrast enhanced coronary angiography. 2 3 The disadvantages of EBCT are the poor signal-to-noise ratio and increased slice thickness compared with conventional CT, the lack of general availability of EBCT, and the radiation dose compared to CMR.
MULTISLICE COMPUTED TOMOGRAPHY (MSCT)
Also known as multidetector CT, these scanners are a development from single slice helical (or spiral) CT. A single rotating x ray tube provides a beam of photons that is then received by several rows of detectors (usually four), effectively giving four axial slices for each tube rotation. There are now scanners available that allow eight or 16 slices per rotation. This technique allows much greater coverage than a conventional helical scanner for a given acquisition time and slice thickness. Thus the whole heart can be covered in one breath-hold with a slice thickness of 1 mm.
The temporal resolution is less good than EBCT, being limited by a tube rotation time of 500 ms. If only 180°of the data is interpolated this allows a slice acquisition time of 125-250 ms. 4 This causes significant problems with cardiac movement, particularly at faster heart rates (> 70 beats/min), and most investigators give a β blocker before the examination.
The advantage over EBCT is improved signalto-noise ratio and spatial resolution (1 mm slice width versus 3 mm slice width). The disadvantage is increased radiation dose compared with EBCT. Because the heart is imaged throughout the cardiac cycle but only data obtained during diastole are used (retrospective gating), a large volume of obtained data is unused, contributing to the radiation dose but not the image.
CARDIAC MR (CMR)
The absence of ionising radiation, and lack of need for iodinated contrast medium, makes CMR the theoretical method of choice for non-invasive coronary imaging. The task for CMR is the same as for CT, namely to image as much of the coronary circulation as possible, with maximal spatial and temporal resolution, maximal signal-to-noise ratio, and short imaging time. The development of new sequences has allowed several different strategies for coronary imaging to evolve. Initial coronary studies were performed using multiple two dimensional slices during a breath-hold. 5 Two dimensional sequences, however, suffer from poor signal-to-noise ratio, problems with misregistration (relating to multiple breath-holds), and place considerable demands on the operator. Three dimensional sequences have now been developed for both breath-hold and free breathing techniques. The latter use a navigator echo to track the diaphragm and retrospectively gate the acquisition for respiratory motion. 6 Breath-hold three dimensional images using a variety of ultra-fast sequences are now a reality and produce excellent image quality because of the short acquisition times. 7 Paramagnetic contrast medium may be added to any of these techniques in an attempt to increase contrast to noise ratio and improve stenosis visualisation. 5 
CORONARY LUMEN IMAGING
In an article by Leber and colleagues in this issue of Heart, the use of contrast enhanced, multislice CT coronary angiography is compared with electron beam CT. 8 One hundred and one patients were enrolled to the electron beam group and 91 patients to the MSCT group. Both groups were comparable with the usual CT exclusion criteria applied, notably atrial fibrillation, renal disease, and iodinated contrast allergy. The EBCT and MSCT techniques used are well described and were optimised in the MSCT group with oral or intravenous β blockade before investigation if the patients had a heart rate over 70 beats/min. Selective coronary angiography was used as the gold standard in both groups. Significant coronary stenoses (> 50%) were identified with a sensitivity of 77% and 82% using EBCT and MSCT, respectively. Specificity was also comparable, 93% for EBCT and 96% for MSCT. There were significant differences between EBCT and MSCT in two areas; contrast-to-noise ratio and number of assessable coronary segments, with MSCT performing marginally better in each.
While these results may appear impressive they have only been obtained by exclusion of coronary segments that could not be assessed by CT, and only attempting to examine the proximal two thirds of the coronary tree. This practice is common to all of the studies looking at non-invasive coronary imaging and, although understandable, does tend to give a misleading accuracy to the results. In the present study only 76% of EBCT and 82% of MSCT segments could be assessed, the remainder being excluded largely because of motion artefact or poor contrast-to-noise ratio. This highlights the main problem of non-invasive coronary imaging for all modalitiesthe difficulty of reliably visualising all the coronary segments, particularly in the fast moving right coronary and circumflex vessels. Previous CMR, EBCT, and MSCT studies 6 7 9-19 demonstrated similar results, with between 10-40% of coronary segments not assessable (table 1). As well as the problem of coronary motion, other factors such as heavy coronary calcification and coronary stents limit visualisation of the coronary lumen on both CT and CMR.
A further cause for concern with CT techniques, which is rightly raised by the authors in this issue, 8 is the relatively high radiation doses. EBCT delivers an average dose of 2.7 mSv and MSCT a dose of 8.2 mSv; this compares with a conventional angiographic dose of approximately 3-9 mSv. While new technical advances, such as ECG modulated beam current techniques, should reduce the MSCT dose it will continue to be a significant disadvantage of CT compared to CMR.
On a more positive note it is clear that MSCT can compete favourably with EBCT in coronary luminal imaging. Comparison of the results in table 1 indicates very similar sensitivities and specificities between the two techniques, with an equivalent number of segments not imaged. MSCT can be expected to improve significantly in the near future with the introduction of ever larger numbers of detector rows (eight and 16). This will increase the spatial resolution in the z axis as well as decrease scan times allowing better coverage of the coronary circulation. A reduction in gantry rotation time may also allow improved temporal resolution and reduced motion artefact. The first clinical trials from these scanners are awaited with interest.
Coronary magnetic resonance angiography shows more variable results (table 1) . This is in part due to the variety of different techniques used. The most recent trial of Kim and colleagues was a multicentre study using a free breathing three dimensional technique. 12 In 109 patients this group found a very high sensitivity (100%) and negative predictive value (100%) for patients with left main stem or three vessel disease. The conclusion was that CMR would be useful as a screening technique for three vessel and left mainstem disease-for example, in patients with dilated cardiomyopathy. The overall accuracy was 72%, with a positive predictive value of 70%, having excluded 16% of coronary segments (unassessable). Considering the variable experience of the centres involved these results reflect a promising advance in the robustness of CMR in the clinical setting.
The problems for CMR are similar to those of CT. Patients need to be in sinus rhythm and even then a high number of examinations produce poor quality images that are nondiagnostic. In the study by Kessler and colleagues, eight of 73 patients were excluded because of unsatisfactory image quality, and even then only 236 of 455 segments could be evaluated for stenoses. 11 Although results have and will continue to improve, this lack of robustness remains a problem.
CORONARY ARTERY WALL AND PLAQUE IMAGING
Both CT and MRI techniques have made strides in imaging the coronary artery wall in an attempt to identify vulnerable plaques. EBCT is reliably able to quantify coronary calcium indicating atherosclerosis burden. 20 More recently MSCT has also demonstrated this ability. 21 The use of calcium scores is controversial, however, as a high score has not yet been proven to be additive to conventional risk factor stratification in terms of prognosis. 22 In addition a low calcium score does not exclude the vulnerable lipid rich plaques that are at most risk of rupture. Hopefully large multicentre trials will allow more critical appraisal of the prognostic use of coronary calcium scoring. 23 MSCT has been shown to identify soft, intermediate, and calcified plaques in humans, albeit in a small cohort of 15 patients. 24 This study compared MSCT with intravascular ultrasound (IVUS) and invasive angiography in selected lesions. The density of the plaque on CT correlated significantly with the IVUS classification of plaque morphology. Further larger studies are needed, but this is a promising development in our ability to identify vulnerable plaque noninvasively, and subsequently stratify risk in individual patients. There are a number of studies that address the feasibility of plaque imaging with MRI in both humans and animals. These have shown significant correlation between arterial wall thickness and atherosclerotic burden in human coronaries and aortas, as well as pig coronaries. [25] [26] [27] Most recently a study of rabbits allowed longitudinal follow up of aortic plaque burden/composition with MRI. 28 There was progression of both plaque volume and lipid component in rabbits on an atherogenic diet, while there was regression when on a normal diet. These findings correlated well with histological specimens. The authors, quite reasonably, suggest that there is the potential to use MRI to document changes in human atheroslerotic plaque burden and composition in response to therapeutic interventions such as lipid lowering agents. Time will tell if similar results can be achieved in human coronary arteries, but it does seem likely that with further improvements in MR techniques routine plaque imaging will be achieved.
CORONARY FLOW
The ability to measure coronary flow and flow reserve has traditionally been limited to interventional techniques such as Doppler flow wires. These allow the functional assessment of coronary artery and coronary artery bypass graft stenoses as an adjunct to interventional procedures. CMR has the ability to measure flow non-invasively using flow mapping sequences. Hundley and colleagues studied 30 patients with phase contrast MR immediately before coronary angiography. 29 In comparison to computer assisted quantitative angiography MR flow mapping identified 70% stenoses of the proximal left anterior descending coronary artery with a sensitivity of 100% and a specificity of 83%. They found a coronary flow reserve of < 1.7 in all patients with a stenosis of > 70% following pharmacological stress with adenosine. There was a good correlation between MR flow reserve and Doppler guide wire flow reserve in a subset of 17 patients. Although this was a selected study population, excluding patients with other factors that may have influenced flow reserve (for example, dilated or hypertrophic cardiomyopathy, severe valvar heart disease, previous anterior infarction, or the presence of coronary bypass grafts), the results are encouraging. This is particularly the case because the MR techniques used were not especially advanced and were performed at two institutions with different scanners. Other groups have looked at flow mapping in bypass vein grafts and left internal mammary artery grafts both with and without pharmacological stress. [30] [31] [32] The most recent of these demonstrated excellent correlation between MR and Doppler flow measurements in non-stenotic and stenotic grafts.
CONCLUSION
If one makes a direct comparison between EBCT, MSCT, and CMR at the present time it would be difficult to choose a winner. EBCT, the most established non-invasive technique for imaging coronary arteries, is likely to be eclipsed by MSCT. This is largely due to the versatility of multislice scanners and their subsequent appeal to radiology departments. In due course all hospitals are likely to have an MSCT at their disposal while EBCT is a tool that will generally be limited to research groups. The MSCT studies published to date have been performed on four slice scanners and the results from faster multislice scanners are awaited with interest. It seems likely that the improved resolution and shorter acquisition times will make the technique more robust and hopefully allow routine coronary lumen imaging. Taken in conjunction with the ability to define plaque composition, this may tip the balance in favour of MSCT over MR in the short to medium term.
Longer term, however, technical advances in MR are likely to improve significantly the resolution and reliability of coronary MR imaging, both of the lumen and vessel wall. If this is the case, and one adds to the equation the versatility of CMR in terms of coronary flow quantification, myocardial perfusion, myocardial viability, and ventricular function studies, a one stop cardiac imaging service may be possible. The absence of ionising radiation and nephrotoxic contrast is also a considerable incentive to use MR.
The true role that non-invasive coronary imaging is likely to take in the future is still unclear. Initially these techniques seem well placed to screen patients with equivocal chest pain, dilated cardiomyopathy, and bypass grafts. As they become increasingly robust this role is likely to expand to include routine diagnostic angiography. Conventional coronary angiography is likely to remain for the foreseeable future not only as a prelude to coronary intervention but also in those patients who remain unsuitable for MR or CT.
